ABSTRACT: The structural and compositional stabilities of two-dimensional (2D) Bi 2 Te 3 and Bi 2 Se 3 nanocrystals, produced by both colloidal synthesis and by liquid phase exfoliation, were studied by in situ transmission electron microscopy (TEM) during annealing at temperatures between 350 and 500°C. The sublimation process induced by annealing is structurally and chemically anisotropic and takes place through the preferential dismantling of the prismatic {011̅ 0} type planes, and through the preferential sublimation of Te (or Se). The observed anisotropic sublimation is independent of the method of nanocrystal's synthesis, their morphology, or the presence of surfactant molecules on the nanocrystals surface. A thickness-dependent depression in the sublimation point has been observed with nanocrystals thinner than about 15 nm. The Bi 2 Se 3 nanocrystals were found to sublimate below 280°C, while the Bi 2 Te 3 ones sublimated at temperatures between 350 and 450°C, depending on their thickness, under the vacuum conditions in the TEM column. Density functional theory calculations confirm that the sublimation of the prismatic {011̅ 0} facets is more energetically favorable. Within the level of modeling employed, the sublimation occurs at a rate about 700 times faster than the sublimation of the {0001} planes at the annealing temperatures used in this work. This supports the distinctly anisotropic mechanisms of both sublimation and growth of Bi 2 Te 3 and Bi 2 Se 3 nanocrystals, known to preferentially adopt a 2D morphology. The anisotropic sublimation behavior is in agreement with the intrinsic anisotropy in the surface free energy brought about by the crystal structure of Bi 2 Te 3 or Bi 2 Se 3 .
B
ismuth chalcogenides, Bi 2 Te 3 and its alloys in particular, have been among the best established thermoelectric (TE) materials for decades. 1, 2 In recent years, both Bi 2 Te 3 and Bi 2 Se 3 have attracted a renewed surge of interests as topological insulators, 3 opening doors for many possible new optical and electronic applications, such as spintronics and superconductortopological insulator devices for quantum computing. 4, 5 The nanostructured Bi -chalcogenides are particularly advantageous over the bulk counterparts for the TE applications because a reduction in crystal dimensionality allows their electronic and thermal properties to be tuned independently, while a large number of crystal interfaces may additionally effectively scatter phonons further reducing the thermal conductivity.
6−8 Both Bi 2 Te 3 and Bi 2 Se 3 exhibit a layered structure consisting of quintuple layer (QL) segments separated by a van der Waals (vdW) gap with each QL consisting of five consecutive Se or Te and Bi layers ( Figure 1a) . 9, 10 In addition to methods based on physical vapor deposition, 11 vapor−liquid−solid deposition, 12 vapor−solid deposition, 13 molecular beam epitaxy, 14 mechanical exfoliation, 15 and liquid-phase exfoliation (LPE), 16−18 several solution-based processes for the synthesis of ultrathin colloidal Bi -chalcogenide nanocrystals (NCs) have also been developed. 19−24 The technological application of such colloidal NCs is however still at an early development stage. 25 For the technological applications, the TE ones in particular, the Bi chalcogenide-based devices have to be structurally and chemically stable at service temperatures, currently limited to less than about 350°C. 2 The properties of topological insulators are also known to be dependent on the presence of structural defects and variations in the chemical composition, 26 both generally sensitive to thermal treatments. The integration of colloidal NCs into devices generally involves thermal treatments such as sintering, ligand removal, annealing and deposition of metal contacts. 25, 27, 28 Although the structural and chemical integrity of Bi 2 Te 3 and Bi 2 Se 3 NCs at elevated temperatures is critical for technological applications, it has not yet received the due attention. Even the most fundamental thermally induced phase transitions in Bi 2 Te 3 and Bi 2 Se 3 NCs, such as sublimation or melting, have not been observed before on an atomic scale, so the mechanisms involved are not clear. The observations of crystal melting or sublimation are additionally insightful as they may reveal processes and mechanisms that could be acting also during the reverse process, i.e., that of crystal growth. To date, studies on melting and sublimation of anisotropic colloidal NCs have been limited to one-dimensional (1D) NCs 29−33 and branched nanostructures (CdSe/CdS octapods). 34 Additionally, recent studies on mechanically exfoliated phosphorene 35 and graphene, 36, 37 in particular, reveal that annealing gives rise to unique structural changes, such as multiple-layer edge reconstructions, not found in the three-dimensional (3D) bulk systems. 36, 37 Overall, there is therefore a need to fully understand the thermal stability of 2D colloidal NCs from both practical and fundamental points of view. Here, we report on the thermal stability and sublimation mechanisms of the 2D Bi 2 Te 3 and Bi 2 Se 3 NCs, which were studied in solid state by means of in situ transmission electron microscopy (TEM). The study, including the NCs prepared by colloidal syntheses and by LPE, indicates that the 2D NCs exhibit reduced thermal stability as compared to bulk counterparts. Our findings also shed light on the relative stabilities of different crystallographic facets and, based on the observed anisotropic sublimation mechanism and the supporting density functional theory (DFT) calculations, also on the growth mechanism of the Bi 2 Te 3 and Bi 2 Se 3 NCs in solid state systems.
The colloidal Bi 2 Te 3 and Bi 2 Se 3 platelet-like NCs synthesized in the presence of poly(vynilpirrolidone) (PVP) according to an established procedure 23 were primarily used for the study. The PVP molecules form a surfactant layer on the NCs which is expected to be stable up to about 350°C when its decomposition commences, 38 ,39 leaving behind a carbon shell. 40 In order to eliminate any surface-stabilizing effect of the PVP, three additional Bi 2 Te 3 samples were included in the study: (i) the colloidal NCs synthesized in the presence of PVP from which the PVP shell was subsequently removed by means of a hydrazine-based washing procedure; 24, 41 (ii) the colloidal NCs synthesized following the same procedure 23 but without the presence of any surfactant; and (iii) Bi 2 Te 3 flakes prepared by the LPE of bulk Bi 2 Te 3 in a mixture of isopropanol and water. 42, 43 The in situ thermal treatment experiments were performed in the column of an aberration corrected JEOL JEM 2200FS microscope operated at 200 kV and under the vacuum of 1.8 × 10 −5 Pa. The NCs were characterized by highresolution TEM (HRTEM), scanning TEM (STEM), and energy-dispersive X-ray (EDX) spectroscopy. The in situ heating in the TEM column was carried out at temperatures between 350 and 500°C for the periods of time between 30 and 120 min, as indicated in the text. More details on the annealing experiments and TEM characterization, as well as the additional characterization of all samples by means of X-ray diffraction (XRD), Raman spectroscopy, and optical absorption spectroscopy are presented in the Supporting Information (SI). The kink energies of the relevant crystal surfaces were computed by DFT 44, 45 calculations on periodic slab geometries of (0001) NCs of mostly hexagonal shape, with their basal {0001} planes parallel to the nanoplatelet face (Figure 1b and c) and their edges terminated by the prismatic {011̅ 0} type planes (inset in Figure 1b ), which indicates that the growth in the ⟨011̅ 0⟩ directions is favored and occurs faster than the growth along other low-index crystallographic directions. The thickness of most platelet-like NCs was up to approximately 15 nm (as determined from TEM observations of the NCs oriented edgeon). The well-defined thicker NCs (giving out darker contrast in TEM) and occasional thinner sheet-like NCs having a larger lateral size were obtained during the synthesis of both Bi 2 Te 3 and Bi 2 Se 3 ( Figure 1b and c). In the case of Bi 2 Se 3 , however, the very thin nanosheets (one is outlined by a green broken line in Figure 1c ) were mostly amorphous with isolated domains of crystalline phase of 2−3 nm in lateral size (Figure 1e and f). These exhibited the structure matching the Bi 2 Se 3 phase in the lateral direction and were all oriented in their respective [0001] directions, albeit rotated a few degrees about the c-axis with respect to each other ( Figure 1f ). This indicates that the crystalline domains crystallized independently. The EDX analysis of such nanosheets ( Figure S1 ) revealed that they contained both Se and Bi. The above observations suggest that the Bi 2 Se 3 NC growth mechanism may be more diverse than proposed before 19 and may possibly involve also attachment of amorphous aggregates to the growing nuclei. Structural defects such as the presence of the edge steps, incomplete layers, and bending contours were observed in both Bi 2 Te 3 and Bi 2 Se 3 NCs.
Thermal Evolution of the PVP-Capped Bi 2 Se 3 and Bi 2 Te 3 NCs. Figure 2 shows the structural and compositional evolution of Bi 2 Te 3 platelet-like NCs, synthesized in the presence of PVP, after a 2-fold annealing process, i.e., 30 min at 350°C followed by 30 min at 400°C. Taking into account the relatively low melting points of bulk Bi 2 Te 3 and Bi 2 Se 3 (586 and 710°C, respectively), the partial pressures of Te (∼10 −1 Pa), 46 Se (> ∼140 Pa) 46 and Bi (∼10 −6 Pa) 46 at the temperatures (∼350− 500°C) and the vacuum (10 −5 Pa) used in this work, the in situ TEM heating of Bi 2 Te 3 and Bi 2 Se 3 NCs is expected to lead to their sublimation. Considering a basic temperature−pressure phase diagram, the sublimation temperature of a solid substance beyond the triple point on the negative pressure side (under vacuum) is expected to be lower than its melting temperature at the atmospheric pressure.
During the annealing experiment on the Bi 2 Te 3 NCs, as soon as the temperature approached 350°C, several NCs underwent gradual sublimation starting from the edges and progressing along the ⟨2̅ 110⟩ directions parallel to the {011̅ 0} planes, consuming the entire thickness of the NCs (Figure 2b) . No noticeable changes in the crystal structure occurred as a result of the sublimation; however, all NCs were Te-deficient as compared to their composition before annealing, which is an indication of the preferential Te sublimation. This means not only that sections of NCs sublimate entirely, but also that Te sublimates before Bi, and before the structural disintegration of NCs becomes obvious. This is consistent with the high Te 2(g) vapor pressure above the molten Bi 2 Te 3 phase. 47 The preferential Te sublimation may negatively impact on the TE applications, 2 considering also that the thermally driven transition points are reduced in small NCs as compared to bulk crystal. The same phenomenon of preferential Te loss was observed during annealing between 200 and 400°C with Bi 2 Te 3 nanowires produced by pulsed electrodeposition 48 and is known to occur in the bulk as well, 2 requiring encapsulation of the Bi 2 Te 3 TE material. 49 Figure 2e−h shows an example, where several layers along the c axis sublimated reducing the thickness of the platelet-like Bi 2 Te 3 NC in that area. The sublimation in this case still involved the {011̅ 0} planes. The difference in the composition between the thinner (dark) and thicker (brighter) regions of the NC after annealing at 350°C indicates that the sublimation was limited to individual atomic layers, rather than to the entire QLs. The mechanism of the Bi 2 Te 3 NC sublimation is visible in more detail from the Video S1, showing a corner of one of the platelet-like NCs sublimating at 400°C. The selected stills from this video, shown in Figure S4 , indicate that the sublimation process takes place via gradual detachment of individual atoms on the NC's edge along the ⟨2̅ 110⟩ directions (visible as steps formed by {011̅ 0} planes; indicated by a single purple arrow in the 1 min, 39 s and 1 min, 52 s frames in Figure S4a) , followed by the detachment of the nearest neighbor atoms on the corresponding {011̅ 0} type plane, as sketched in Figure S4b . This is illustrated in Figure 3 , which shows different perspectives on a Bi 2 Te 3 (Bi 2 Se 3 ) NC at an advanced stage of sublimation; the differently colored rows of atoms in Figure  3b indicate the individual {011̅ 0} planes.
An analogous preferential sublimation on the {011̅ 0} planes (the zigzag edges) was observed also during the annealing of few-layer graphene, 36, 37 which inherits the hexagonal graphite arrangement of atoms and stacked C layers, 50 similar to that present in the Bi 2 Te 3 (Bi 2 Se 3 ) structure. The Bi 2 Se 3 NCs followed a similar sublimation pattern during annealing, although the sublimation started at a lower temperature (below 280°C; Figure 4a −c) as compared to the Bi 2 Te 3 NCs. This could be linked with the higher vapor pressure of Se compared to Te and Bi, 46 leading to sublimation of Se at a lower temperature than Te under the vacuum conditions in the TEM column. The thin and mostly amorphous nanosheets developed a pitting pattern during annealing with small areas from the interior and edges of the nanosheets sublimating (Figure 4d−f) .
These nanosheets remained amorphous after the annealing, which indicates that the nanocrystalline domains, observed within the nanosheets before annealing (Figure 1e and f) , sublimated preferentially. This observation highlights the surface instability related to anisotropic crystalline material as opposed to the amorphous surface of the thin nanosheets, which should exhibit a more isotropic surface free energy. 51 Some of the solute released from the nanosheets during the annealing precipitated nearby to form a new crystalline Bi x Se y phase (Figure 4e and f; see also Figure S5b and c) . Finally, it should be noted that the characterization of the annealed areas never exposed to the electron beam did not evidence significant differences from those annealed at the same temperature under illumination. This indicates that the electron beam irradiation during the in situ experiments (discussed in more detail in the SI) did not significantly affect the mechanism or the temperature of the sublimation of the NCs.
Thermal Evolution of the Surfactant-Free NCs. The presence of PVP is known to have an important role in stabilizing and controlling the morphology of metal− chalcogenide nanoparticles produced by different routes, 38 although the exact mechanisms have not been fully clarified. In addition to controlling the kinetics of different chemical reactions during the solution-based synthesis, 52 PVP is also believed to preferentially bind to the outermost basal Te(Se) planes of Bi 2 Te 3 (Bi 2 Se 3 ) during their one-pot synthesis thus contributing to the platelet-like morphology of the crystals. 18, 25 In order to eliminate any possible effect that PVP may have on the stabilities of different crystal facets, the sublimation Figure S6 shows that the sublimation mechanism of the colloidal Bi 2 Te 3 NCs from which the PVP shell had been removed by the ligand-removal washing procedure 24, 41 is analogous to that observed with the PVPcapped NCs. A similar behavior was observed also with the platelet-like NCs produced by the surfactant-free synthesis ( Figure S7 ). As considerably thicker NCs were obtained in this synthesis (approximately in the range of 15−90 nm; some are seen edge-on in Figure S7a ), no sublimation was observed at 350°or 400°C, while at 450°C and at 500°C the sublimation took place, but it was still at an early stage for most NCs. Compared with the thinner (up to about 15 nm thick) PVPcapped Bi 2 Te 3 NCs (shown here in Figure 2 ), the observations made on the PVP-free NCs indicate that a size-dependent reduction in the phase transition point 53,54 applies at least for the thinner platelet-like NCs, observed here under the high vacuum of the TEM column. It is therefore expected that such thin platelet-like NCs would undergo thermally driven phase transitions at lower temperatures compared to bulk material even at ambient pressure. Finally, even the randomly shaped Bi 2 Te 3 flakes, produced by LPE from bulk material exhibited the same anisotropic sublimation behavior involving the {011̅ 0} planes ( Figures S8 and S9 and Video S2).
Anisotropy of Sublimation. The experimental observations reported here show that sublimation of the 2D colloidal Bi 2 Te 3 and Bi 2 Se 3 NCs is distinctly anisotropic, taking place through the preferential sublimation of the {011̅ 0} planes. The sublimation of the {011̅ 0} planes takes place through the dissociation of individual atoms from the kink sites on those planes. Since the present experiments show a consistent anisotropic sublimation mechanism acting in colloidal Bi 2 Te 3 (Bi 2 Se 3 ) NCs, regardless of the presence of the surfactant, the preparation method or the starting morphology, DFT calculations were carried out to determine the energy barrier for the sublimation from the pristine (surfactant-free) (01̅ 10) surface as compared to sublimation from the pristine (0001) surface. The unit cells explicitly included in the calculations are shown in Figure 5 . Since we aim here at rationalizing the ratelimiting step of the sublimation process, we only computed the kink energy of the most stable surface in the {0001} family of planes, that is the surface obtained by cleaving the system at the van der Waals gap. This surface exposes Te atoms and the associated kink site was named Te vdWG . On the other hand, the unit cell of the (01̅ 10) surface exposes five inequivalent rows which are associated with kink sites named respectively Te A , Te B , Te C , Bi A , and Bi B , as reported in Figure 5 . These five sites exhaust all possible inequivalent kink positions on the {011̅ 0} type surfaces since the {011̅ 0} layers only differ by a translation and display the same atomistic environment when exposed at the surface. The results of the calculations are summarized in Table 1 . The kink energy of the Te vdWG position is the largest, amounting to 4.43 eV, followed by the Bi A site, with the energy of 4.06 eV. This indicates that, under the experimental conditions used in this work, the atomic desorption from the {0001} layers is remarkably slower at the Te layer containing the stable Te vdWG site, than the desorption along the atomic rows of the {011̅ 0} surfaces.
Using a simple Arrhenius law, the desorption rate from a peculiar kink site can be estimated as k = α exp(−βE d ), where α is the Arrhenius prefactor, β the temperature-dependent Boltzmann factor, and E d the desorption energy from the considered kink site. Assuming the same prefactor for the desorption events considered here, and using the data reported in Table 1 , we obtain that, at 650 K, the sublimation from the Te vdWG site is more than 700 times slower than the sublimation from the Bi A site. Finally, the largest stability of the Bi A sites within the (01̅ 10) kink sites suggests that (01̅ 10) surface layers are Bi -rich during desorption, which is in line with the observed preferential sublimation of Te. The calculations therefore confirm that the sublimation on prismatic {011̅ 0} planes is far more energetically favored than the sublimation on the basal planes.
This also indicates that the reverse process of crystal growth on the {011̅ 0} type surfaces is easier and faster than on other crystallographic facets. This is in agreement with the plate-like morphology and the {011̅ 0} planes faceted Bi 2 Te 3 and Bi 2 Se 3 NC produced by both colloidal solution-based and by solid state-based processes. The sublimation mechanism observed here in fact closely mimics, in reverse, the growth mechanism of NCs grown in a solid state system. 12, 55 Crystallographically anisotropic phase transitions involving melting and sublimation have been observed before 29,31,40,56−59 and are theoretically predicted by the Lindemann's criterion. 60 This usually indicates anisotropy in the surface free energies of the different crystallographic planes. In the structure of Bi 2 Te 3 (Bi 2 Se 3 ), the {011̅ 0} planes have the lowest packing density (the number of dimers per Å 2 ) and hence the largest free surface energy compared with {0001} and {2̅ 110} planes. As such, the {011̅ 0} planes terminated facets are likely to undergo sublimation or thermally induced disordering near the sublimation point prior to the other facets. This is consistent with the principles of anisotropic surface melting of metals. 61, 62 The same considerations and generally similar sublimation mechanism are then expected to apply to other chalcogenides having the same crystal structure as Bi 2 Te 3 (Bi 2 Se 3 ) regardless of the species making up that structure.
When it comes to colloidal NCs, however, many other factors at play may potentially alter the order in which the different facets melt or sublimate, and each case has to be considered individually. These factors could be the surface polarity, the presence of surfactant, the stability of the surfactant at the annealing temperature, the presence of contamination on the NC surface, the contact with substrate and/or another nanoparticle, surface relaxation, surface reconstruction, the nature of bonding in the crystal, etc. A recent study on the sublimation of the CdSe nanorods, for example, showed that basal planes were the ones preferentially sublimating. 31 Although the packing density of the prismatic {011̅ 0} planes in the CdSe structure is smaller than that of the {0001} planes, as in the Bi 2 Te 3 and Bi 2 Se 3 NCs, their surface free energy is reduced by the preferential passivation by the surfactant molecules, 63 and the unstable polar (0001) or (0001̅ ) facets were the most prone to sublimation under the pressure and temperature conditions applied. 31 Reduced surface diffusion of atoms due to NC surface stabilization by graphitic shell originating from the surfactant, 30 the surface-stabilizing contact of NCs with the substrate, 34 and the polarity of the structure, 29 have all been shown to affect the sublimation of anisotropic colloidal NCs.
To summarize, the thermal stability of the 2D Bi 2 Te 3 and Bi 2 Se 3 platelet-like NCs produced by colloidal synthesis and by LPE was studied during annealing by in situ TEM. Both Bi 2 Te 3 and Bi 2 Se 3 undergo sublimation under the vacuum conditions in TEM at temperatures between about 280 and 500°C, depending on their thickness. The sublimation of the Bi 2 Te 3 and Bi 2 Se 3 NCs is also highly anisotropic and involves predominantly the removal of the individual atoms from the prismatic {011̅ 0} type planes, mimicking in reverse the growth of similar 2D NCs in solid state. This sublimation mechanism is independent of the presence of surfactant (PVP) on the NC surfaces, the method of their preparation, and their morphology. The DFT calculations confirm that the sublimation of the {011̅ 0} planes is energetically less costly and proceeds at least about 700 times faster than the same process on the basal {0001} planes. The observed phenomenon is expected to extend to other Me 2 X 3 (Me, metal; X, chalcogen) NCs adopting the same structure as Bi 2 Te 3 and Bi 2 Se 3 . The preferential Te and Se sublimation was also observed, and these processes may be taking place ahead of and likely below temperatures at which notable structural disintegration of the NCs begins. 
